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ABSTRACT 
 
Full Name : Mohamed Osman Hussein Khalifa 
Thesis Title : Design of Envelope Tracking Power Amplifiers for LTE Applications 
Major Field : Electrical Engineering 
Date of Degree : May, 2015 
 
A conventional RF power amplifier designed with a fixed supply voltage operates most 
efficiently when it is in compression, and becomes less efficient as signal peak to average 
power ratio increases because the amplifier spends more time operating below peak 
power and, therefore, spends more time operating below its maximum efficiency. 
However, the use of envelope tracking technique can dramatically increase the efficiency 
of radio frequency transmitters. In this thesis, a design approach suitable for power 
amplifiers intended for envelope tracking systems is proposed. The selection of the load 
reflection coefficient is made based on the use of amplifier in the envelope tracking 
configuration, and thus takes into account the nature of the signal to be used and the 
shaping function to be applied. A comparison between conventional design approach for 
the choice of the reflection coefficient and the proposed method is reported. 
Moreover, strong nonlinearities of envelope tracking power amplifiers are addressed. 
These can lead to violations of the spectral emission mask if not countered with digital 
predistortion (DPD). In this thesis Volterra-series with compressed sampling and two-box 
dual input models have been proposed for modeling and digitally predistorting ETPA 
respectively. The two models have proved their accurate modeling and linearization 
performance through measurement results. 
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 اﻟﺮﺳﺎﻟﺔ ﻣﻠﺨﺺ
  
  
  ﻋﺜﻤﺎن ﺣﺴﯿﻦ ﺧﻠﯿﻔﺔ ﻣﺤﻤﺪ  :اﻻﺳﻢ اﻟﻜﺎﻣﻞ
  
  اﻟﺘﻄﻮر طﻮﯾﻞ اﻷﻣﺪﺗﺼﻤﯿﻢ ﻣﻀﺨﻤﺎت اﻟﻘﺪرة ﻣﺘﺎﺑﻌﺔ اﻟﻐﻼف ﻟﺘﻄﺒﯿﻘﺎت  :ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ
  
  ﺔﺮﺑﺎﺋﯿﮭاﻟﻜ ﺔﻨﺪﺳاﻟﮭ :اﻟﺘﺨﺼﺺ
  
  1025 ،ﻣﺎﯾﻮ :ﺗﺎرﯾﺦ اﻟﺪرﺟﺔ اﻟﻌﻠﻤﯿﺔ
 
ﻋﺎدة  ﻓﻮﻟﺘﯿﺔ ﺛﺎﺑﺘﺔ، و ﻣﻀﺨﻤﺎت اﻟﻘﺪرة اﻟﺘﻘﻠﯿﺪﯾﺔ اﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ اﻟﺘﺮددات اﻟﺮادوﯾﺔ ﺗﺴﺘﻌﻤﻞ ﻣﺼﺎدر
ﻧﺴﺒﺔ ذروة  ﺗﺘﻌﺎظﻢﻣﺎﺗﻜﻮن أﻛﺜﺮ ﻛﻔﺎءة ﻋﻨﺪﻣﺎ ﺗﻌﻤﻞ ﻓﻲ طﻮر اﻻﻧﻀﻐﺎط، ﺑﯿﻨﻤﺎ ﺗﻘﻞ ﻛﻔﺎءﺗﮭﺎ ﻋﻨﺪﻣﺎ 
وھﻮ ﯾﻌﻤﻞ ﺑﻘﺪرة أﻗﻞ ﻣﻦ ﻗﺪرة اﻟﺬروة؛  طﻮلوذﻟﻚ ﻷن اﻟﻤﻀﺨﻢ ﯾﻘﻀﻲ وﻗﺘﺎ أ اﻹﺷﺎرة إﻟﻰ ﻣﺘﻮﺳﻄﮭﺎ
ھﺬه اﻟﻤﺸﻜﻠﺔ ﻓﺈن ﻣﻀﺨﻤﺎت اﻟﻘﺪرة ﻟﺤﻞ . وﻧﺘﯿﺠﺔ ﻟﺬﻟﻚ ﻓﺈن اﻟﻤﻀﺨﻢ ﯾﻌﻤﻞ ﺑﻜﻔﺎءة أﻗﻞ ﻣﻦ ﻛﻔﺎءﺗﮫ اﻟﻌﻠﯿﺎ
ﻓﻲ ھﺬه اﻷطﺮوﺣﺔ، اﻗﺘﺮﺣﺖ طﺮﯾﻘﺔ . ﻣﺘﺎﺑﻌﺔ اﻟﻐﻼف ﺗﺴﺘﻌﻤﻞ ﻟﺰﯾﺎدة ﻛﻔﺎءة ﻣﺮﺳﻼت اﻟﺘﺮددات اﻟﺮادوﯾﺔ
 ﺣﯿﺚ أن ى اﺳﺘﻌﻤﺎﻟﮭﺎ ﻣﻊ اﻧﻈﻤﺔ ﻣﺘﺎﺑﻌﺔ اﻟﻐﻼفﺗﺼﻤﯿﻢ ﻣﻨﺎﺳﺒﺔ ﻟﺘﺼﻤﯿﻢ ﻣﻀﺨﻤﺎت اﻟﻘﺪرة اﻟﺘﻲ ﯾﻨﻮ
ﻀﺨﻢ ﺳﻮف ﯾﺴﺘﻌﻤﻞ ﻓﻲ ﻣﻨﻈﻮﻣﺔ ﻣﺘﺎﺑﻌﺔ أن اﻟﻤ ﺧﻠﻔﯿﺔ اﺧﺘﯿﺎر ﻣﻌﺎﻣﻞ اﻧﻌﻜﺎس اﻟﺤﻤﻞ ﯾﺘﻢ ﺑﻨﺎءا ﻋﻠﻰ
ﻛﻤﺎ ﺗﻢ ﻋﻘﺪ ﻣﻘﺎرﻧﺔ  .اﻟﻐﻼف؛ ﻟﺬﻟﻚ ﯾﺄﺧﺬ ﻓﻲ اﻻﻋﺘﺒﺎر طﺒﯿﻌﺔ اﻹﺷﺎرة اﻟﻤﺴﺘﻌﻤﻠﺔ و داﻟﺔ اﻟﺘﺸﻜﯿﻞ اﻟﻤﻨﻔﺬة
  .ﺑﯿﻦ اﻟﻄﺮﯾﻘﺔ اﻟﺘﻘﻠﯿﺪﯾﺔ واﻟﻄﺮﯾﻘﺔ اﻟﻤﻘﺘﺮﺣﺔ ﻻﺧﺘﯿﺎر ﻣﻌﺎﻣﻞ اﻧﻜﺴﺎر اﻟﺤﻤﻞ
اﻟﺘﻲ ﻣﻦ ﺷﺄﻧﮭﺎ أن  ﺎﺑﻌﺔ اﻟﻐﻼفﺗﻨﺎول اﻟﻼﺧﻄﯿﺔ اﻟﻤﻼزﻣﺔ ﻟﻤﻀﺨﻤﺎت اﻟﻘﺪرة ﻣﺘﺗﻢ ﻓﻲ ھﺬه اﻷطﺮوﺣﺔ 
 .)DPD(ﺗﺆدي إﻟﻰ اﺧﺘﺮاﻗﺎت ﻓﻲ ﻗﻨﺎع اﻻﻧﺒﺎﻋﺎﺛﺎت اﻟﻄﯿﻔﯿﺔ ﻣﺎﻟﻢ ﺗﻮاﺟﮫ ﺑﺎﻟﺘﺸﻮﯾﮫ اﻟﺮﻗﻤﻲ اﻻﺳﺘﺒﺎﻗﻲ 
ﻛﻤﺎ ﺗﻢ اﻗﺘﺮاح ﺳﻠﺴﻠﺔ ﻓﻮﻟﺘﯿﺮا ﻣﻊ أﺧﺬ اﻟﻌﯿﻨﺎت اﻟﻤﻀﻐﻮط ﻟﻨﻤﺬﺟﺔ ﻣﻀﺨﻢ اﻟﻘﺪرة ﻣﺘﺎﺑﻊ اﻟﻐﻼف ﺑﯿﻨﻤﺎ 
ﻛﻼ اﻟﻨﻤﻮذﺟﯿﻦ . اﻗﺘﺮح ﻧﻤﻮذج اﻟﺼﻨﺪوﻗﯿﻦ ذو اﻟﻤﺪﺧﻠﯿﻦ ﻟﻐﺮض اﻟﺘﺸﻮﯾﮫ اﻟﺮﻗﻤﻲ اﻻﺳﺘﺒﺎﻗﻲ ﻟﻠﻤﻀﺨﻢ
  . اﻟﻌﻤﻠﯿﺔأﺛﺒﺘﺎ دﻗﺘﮭﻢ ﻓﻲ ﻧﻤﺬﺟﺔ و ﺗﻘﻮﯾﻢ ﻣﻀﺨﻤﺎت اﻟﻘﺪرة ﻣﺘﺎﺑﻌﺔ اﻟﻐﻼف ﻋﻦ طﺮﯾﻖ ﻧﺘﺎﺋﺞ اﻟﻘﯿﺎﺳﺎت 
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1 CHAPTER 1 
INTRODUCTION 
In the last decade, scientists, researchers, and engineers have given focus to energy 
saving techniques in order to reduce the emission of carbon dioxide (CO2) and 
consequently alleviating the problem of global warming.  
According to European Telecommunications Standard Institute (ETSI) report [1], radio 
units account for over 90% of the energy consumed by wireless communication units. 
Moreover, 50% to 80% of the radio unit energy is consumed by the power amplifier 
(PA). Besides the consumption of the radio unit, around 10% to 25% of the energy is 
used for air conditioning, 5% to 15% for signal processing and the rest to the power 
supply units. Furthermore, energy consumed by air conditioning could be reduced by 
improving the efficiency of the power amplifiers. Therefore, improving the efficiency of 
the PA reduces the power consumption of radio unit since most of the consumption is 
attributed to it. 
Competing with the demand for high efficiency, linearity has risen in importance in the 
last decade. In previous generations, constant envelope signals such as Gaussian 
Minimum Shift Keying (GMSK) signals and Frequency Modulated (FM) signals were 
used to avoid linearity constraints since these constant amplitude signals are not affected 
by the nonlinearity of the PA. However, there is an increasing demand for spectral 
efficiency in wireless technology. This is driven by the consumer need for high data rate 
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and more real time media content. This demand has led to the introduction of many 
wireless communication standards (Universal Mobile Telecommunication System 
(UMTS), Long Term Evolution (LTE), and Worldwide Interoperability for Microwave 
Access (WiMAX) standards) with increasingly complex modulation schemes (such as 
Quadrature Amplitude Modulation (QAM)) and access technologies (Wideband Code 
Division Multiple Access (WCDMA) and Orthogonal Frequency Division Multiplexing 
(OFDM)), which use both phase and amplitude modulation. These modulation schemes 
are characterized by high peak to average power ratio (PAPR) signals. Hence, modern 
PAs need to be extremely linear over a large power range. 
1.1 RF Front-end for Communication Systems 
Usually, PAs are biased in deep linear classes of operation (class A, AB) and they are 
operated in the back-off region in order to meet linearity requirements for high PAPR 
signals. Unfortunately, PAs biased in these classes have very low efficiency when they 
are backed-off. Conversely, more efficient classes of PAs are extremely nonlinear and 
thus not a suitable alternative. These conflicting parameters (linearity and efficiency) 
have brought great attention to the PA; since the power amplifier is the main source of 
distortion and the most power hungry device in the Radio Frequency (RF) front end. 
Envelope tracking PA (ETPA) is one of the most promising structures that could be used 
for future wireless communication infrastructure. Unlike regular constant drain bias PAs, 
ET allows the power amplifier drain bias to track the magnitude of the input signal 
envelope keeping the amount of wasted DC power at the drain bias to minimum, which 
greatly improves the PA efficiency. 
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Linearity could be improved by using linearization techniques such as feedforward and 
baseband digital predistortion (DPD). However, feedforward linearization techniques 
need analog delay elements for phase matching which might be very challenging in 
wideband applications. DPD is an ideal complement to the ETPA; it allows linearization 
flexibility and bandwidth while at the same time, keeping the high efficiency of the 
ETPA. 
1.2 Constant and Modulated Supply Power Amplifiers 
An amplifier is a device designed to increase the input signal power levels. The basic 
principle of operation is that it takes energy from the power supply and controls the 
output signal to match the shape of the input signal but with higher amplitude. Therefore, 
fundamentally an amplifier modulates the power supply output. Different types of 
amplifiers are available specially designed for different requirements and applications. 
A power amplifier is usually the final amplification stage in a system, designed to give 
the required output power. From communications systems perspective, power amplifiers 
are mainly present in transmitters and are specifically designed to raise the input signal 
power level before passing it to antenna. Having this power boost is fundamental for the 
desired signal to noise ratio to be achieved on the receiver end, without which it will be 
difficult to detect the received signal. 
 
1.2.1 Constant Supply Power Amplifiers 
It is necessary for the constant supply power amplifier to have as high efficiency as 
possible while at the same time maintaining linearity, i.e., adding as little distortion to the 
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signal as possible. High power efficiency is of prime importance in small and mobile 
transmitters, since these devices are usually driven by battery. It is also important for base 
stations as it affects their deployment and operating costs as well as their carbon foot 
print. Unfortunately, from circuit design point of view, if the power efficiency is 
increased the device is driven more and more into the nonlinear region thus increasing the 
amount of distortion. 
Efficiency and linearity considerations lead to various classes of power amplifiers such as 
class A, class B, class AB, class C, etc. Each one of them has its own tradeoff between 
linearity and efficiency depending on how the PA’s transistor is biased. Figure 1.1 and 
Figure 1.2 illustrate this tradeoff. As it can be noticed, interesting improvements in 
efficiency is achieved when moving from linear class of operation such as class A to 
nonlinear classes of operations such as class AB and class B and that is done by reducing 
the conduction angle. Clearly, improving the efficiency leads to stronger nonlinearity 
since it comes at the cost of increasing output harmonic components [2]. 
 
 
Figure 1.1: PA efficiency VS PA's class of operation [2] 
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Figure 1.2: PA Nonlinearity VS PA's class of operation [2] 
Thus, methods for improving the PA efficiency in the back-off region without 
compromising the linearity are needed. This can be done by using an efficient and 
nonlinear PA along with a linearization technique. Recent base stations have adopted 
digitally predistorted Doherty PA [3] as the main power efficient solution. However, the 
efficiency figures obtained by Doherty PA can be overcome through the use of other 
promising efficiency enhancement techniques such as polar transmitters, envelope 
elimination and restoration (EE&R), or envelope tracking. Among these, ET is the 
catchiest one regarding practical implementation because it can be applied by simply 
replacing the static supply by a dynamic one in conventional transmitters based on linear 
RF amplification topologies. Moreover, ET shows a significant improvement in the 
average power added efficiency (PAE), this result is well known in the literature [4]. 
1.2.2 Envelope Tracking Power Amplifiers 
High PAPR is a basic and unavoidable feature in modern modulated signals. For the 
signal not to be distorted when its envelope excursion is near its peak, constant drain PAs 
are usually operated in deep back-off. Since the amplifier is efficient only when operating 
in compression but spends more time operating far below its maximum efficiency, poor 
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average efficiency is obtained. Figure 1.3 shows a conventional power amplifier system 
operating with a constant DC supply.  
 
Figure 1.3: Conventional RF power amplifier. 
ET is a method to solve this low efficiency issue; since it allows the drain bias of the PA 
to track the magnitude of the envelope of the input signal. Thus, whenever the input 
signal is low the drain bias proportionally decreases so that the PA always operates close 
to its optimum efficiency point [5] for low and high input power levels. Figure 1.4 shows 
a block diagram for ETPA.  
Signal Generation and 
Alignment
ABS (I,Q)
PA
Envelope Detection Envelope Shaping
Envelope 
Amplifier
Digital Baseband
I Q
I
Q
Envelope
DAC
Freq Up-
conversion
 
Figure 1.4: ETPA block diagram. 
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ET systems improve the efficiency but often result in poor linearity performance since 
the bias of the amplifier is varying. Both, the linearity and the efficiency performance of 
the ET power amplification system depend on several factors such as the efficiency of the 
supply modulator, the efficiency of the power amplifier, and the mapping function (also 
called envelope shaping function) used to map the signal's envelope into a variable drain 
supply voltage. In ETPA, the fundamental characteristics of the PA output (efficiency, 
power, gain, and phase) are functions of two control inputs, namely the RF input signal 
and the drain bias voltage and this relation could be represented as 3-D surface as 
depicted in Figure 1.5.  
 
Figure 1.5: 3-D relationship between input, drain Bias, and output voltages [6]. 
Three regions of operation could be differentiated when dealing with ETPA. The first one 
is called the compressed region and it can be noticed when the instantaneous RF input 
power is high. In this region, the PA operates with high efficiency in compression and the 
drain bias voltage primarily determines the PA’s output characteristics. The second 
region, called the linear region, arises when the instantaneous RF input power is low. In 
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this region, the drain bias voltage remains substantially constant and the PA’s output 
characteristics are mainly determined by the instantaneous RF input power. Between 
these two regions, there is a region called the transition region; in which the PA’s output 
characteristics are under the influence of both the drain bias voltage and the instantaneous 
RF input signal as can be seen in Figure 1.6.  
 
 
Figure 1.6: ETPA operation regions 
Having this high efficiency of the ETPA, linearization techniques need to be used to meet 
the linearity requirements set by the regulatory bodies. 
1.3 Behavioral Modeling and Digital Predistortion 
Due to the degradation in linearity caused by the use of the ETPA, linearization 
techniques should be used to enhance the linearity of the ETPA in order to meet modern 
communication standards linearity requirements. Furthermore, linearization indirectly 
enhances the PA efficiency; since the linearized PA usually operates in compressed 
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region allowing us to operate the PA near its peak efficiency, despite the high 
nonlinearity in this region. In the literature, there are three most well established 
linearization methods: feedback, feedforward, and predistortion. 
Feedforward linearization technique provides extremely linear characteristics as proposed 
in [7]. This technique however consists of complex control circuits and an auxiliary error 
power amplifier which increase the cost and degrade the efficiency. The feedback 
linearization technique proposed in [8] has the drawbacks of bandwidth limitation and 
instability. Among all the linearisation techniques, the most extensively used technique in 
modern wireless communication infrastructure is digital predistortion (DPD) for its high 
accuracy, flexibility and efficient operation [9]–[12]. 
Behavioral modeling and digital predistortion are two important techniques that are used 
in order to solve the nonlinearity problem that is exhibited by the base station power 
amplifiers. The idea is to have a digital predistorter, which typically has complementary 
characteristics of the PA, connected before the PA so that the two systems in cascade 
have a linear operation. This technique employs a black-box based approach. As shown 
in Figure 1.7, behavioral modeling identifies a mathematical formulation relating the 
input and output signals of the amplifier. Having information about the radio frequency 
circuitry of the PA is not required. Moreover, behavioral modeling provides a 
computationally efficient way to relate the input and output signals without performing 
any physical analysis of the system and it is thus a valuable process for assessment of the 
transmitter performance and design of the digital predistorter [13]. It is important to 
accurately obtain the device under test (DUT) input and output signals and the 
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mathematical formulation should be able to describe all the important interactions that 
occur between these signals. This requires some apriori knowledge of the DUT. 
 
Figure 1.7: Black box behavioral modeling concept [13]. 
1.4 Nonlinear Distortion Metrics 
Due to the modulation of the drain bias, the linearity of the ETPA is degraded compared 
with that of the constant drain PA. This degraded linearity could be observed in many 
ways; the one tone and two-tone tests are the most common tests used to characterize the 
nonlinear behavior of the PA. However, these two tests are simple and ideal for PA 
design debugging, thus the PA should be driven by a modulated signal so that its 
nonlinear behavior is fully characterized. 
When the DUT is driven by modulated signals, two metrics could be used to characterize 
its nonlinear distortion. The first metric is the ACPR (analogous to the IMD3 in the two-
tone test) and it is defined as the power ratio of the power in the transmit frequency 
channel to the power in the adjacent frequency channel. The ACPR is helpful in 
understanding the DUT nonlinear behavior and how it can interfere with the adjacent 
channels. Figure 1.8 shows the input and output spectra of a PA and it clearly illustrate 
the ACPR concept.  
11 
 
 
Figure 1.8: ACPR illustration in PA input and output spectrum. 
Since the ACPR does not provide any information about how the transmitted signal gets 
distorted within the transmission channel, another metric that is the normalized mean 
squared error (NMSE) is mainly used to provide this information. The normalized mean 
squared error (NMSE) is given by 
( ) ( )
( )
2
1
2
1
N
meas model
n
N
meas
n
y n y n
NMSE
y n
=
=
-
=
å
å
       (1.1) 
Where N  is the total number of samples of the input and output waveforms. Although 
NMSE is easy to calculate, it does not reflect accurately the model performance in the 
adjacent or out-of-band region of the spectrum. 
1.5 Problem Statement and Objectives 
Traditional methods for ETPA design do not take into account that the PA will be used in 
ET applications. In this thesis, a new method for ETPA design is proposed. The new 
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method develops a new criterion for the selection of the optimum load reflection 
coefficient and hence it takes into account the nature of the signal to be used and the 
shaping function to be applied in the envelope tracking system. 
Unfortunately, ETPAs generate more nonlinearity because of their drain supply 
modulation making the conventional PA modeling techniques not suitable for them. In 
this thesis, a Volterra-series with compressed sampling based behavioral model is 
proposed for accurate modeling of ETPA nonlinearities. Moreover, for ETPA 
linearization, a two-box dual-input-single-output model has been proposed to mitigate the 
intensity of these nonlinearities.  
The main objectives of this thesis are the following 
· Coming up with a new approach for designing ETPA. 
· System level simulation of the ETPA. 
· Behavioral Modeling of the ETPA. 
· Digital predistortion of the ETPA. 
1.6 Thesis Organization 
This thesis investigates the design, modeling, and linearization of envelope tracking 
power amplifiers. An introduction is provided in Chapter 1, along with a brief review 
about the constant bias PAs and the ETPAs and their operation principles. Also some 
light was shed on the basic principles of behavioral modeling, DPD, and the nonlinear 
distortions metrics. Then, the chapter ends by presenting the thesis objectives. Chapter 2 
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discusses different PA behavioral models and digital predistorters available in the 
literature. It summarizes all the studies that have been carried out in modeling and 
linearizing of ETPAs namely the main two models: single-input-single-output and dual-
input-single-output models. Chapter 3 firstly discusses the problem of selection of the 
optimum load reflection coefficient that makes the PA operates at higher average 
efficiency when used in ET architecture. Then, it describes the details of designing 
envelope tracking path; and finally, it is concluded by performing a system level 
simulation for testing the ETPA characteristics. Chapter 4 starts with discussing the 
experimental setup used for performing the ETPA measurements, then it embarks in 
proposing new models for modeling and linearizing ETPA, and finally ends with 
comparing the proposed models with models in the literature. Finally, Chapter 5 contains 
the summary of the thesis, future work and potential extensions. 
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2 CHAPTER 2 
LITERATURE REVIEW OF ETPA MODELING 
AND DIGITAL PREDISTORTION 
Efficient and linear operation of RF power amplifiers is of prime importance as it is one 
of the most important components in wireless communication systems. Therefore, 
behavioral modeling, which attempts to predict the linearity performance of the power 
amplifier, has attracted the interest of many researchers over the past couple of decades. 
Because of the use of wide bandwidth signals, memory effects have become an essential 
part of power amplifier behavior along with the static nonlinearity and cannot be ignored. 
Numerous models have been described in the literature to depict the nonlinear behavior 
of power amplifiers driven by wide bandwidth signals. These structures include the 
memoryless look-up table model [14], Hammerstein and Wiener models [15]–[17], 
memory polynomial (MP) model and its modifications [12], [18]–[21] , twin-nonlinear 
two-box models [22], 3-box models such as PLUME model [23], generalized TNTB 
model [24], Volterra model and its variations [25]–[28].  
A tremendous amount of research has been devoted to the problem of PA modeling, 
however, only few studies have actually shed some light on ETPA modeling problem 
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[34]-[46]. This could be referred to the fact that ETPA modeling problem is always 
accompanied by two common concerns. The first concern is that, the bandwidth of the 
envelope signal is 3-4 times larger than that of the RF modulated signal [29] which will 
make the process of designing envelope amplifier more difficult. The second one is the 
two input time alignment problem; where any time misalignment will degrade the 
efficiency and the linearity of the PA [30].  Furthermore, the dual-input nature of ETPA 
causes nonlinear distortions which need to be compensated for using special modeling 
techniques.  Due to the importance of these problems and the crucial role that they play in 
determining the overall performance of the ETPA, several studies have been dedicated to 
them. In [31], a new method has been developed for generating suitable signals in terms 
of envelope speed for exciting the envelope amplifier, critically limited by its slew 
envelope. Furthermore, in [32], a method based on consecutive filtering processes is used 
to reduce the bandwidth of the modulated signal envelope and hence increases the 
efficiency of the envelope amplifier. However, the main limitation of this method is that 
the delay introduced by the filtering processes makes it unsuitable for real time 
applications. In [33], another method based on that introduced in [31] was developed, the 
new method can effectively reduce the envelope bandwidth but that comes at the cost of 
more complexity.  
Dedicated modeling techniques for ET architecture have been proposed in [34]-[37]. 
Results have shown that the nonlinearity caused by modulating the drain voltage can be 
compensated for by using DPD techniques. A piecewise dynamic deviation reduction 
Volterra series-based modeling method [38] has been used for the ET architecture in [34]. 
However, details regarding the co-control of the input and envelope signals so that 
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maximum efficiency is achieved were not provided. On the other hand, linearization 
technique in [35] uses static characterization results as a basis for an efficiency-optimized 
co-control of the RF and envelope input signals. Then, a traditional DPD is used to 
compensate the nonlinear distortion and the residual memory effects. However, it is 
expected that the linearization performance of the transmitter will be limited due to the 
inaccuracies in the static model used in this method. Methods in [36] and [37] fully 
investigate the hybrid-envelope elimination and restoration (EER) transmitter (similar to 
the ET architecture). They have also developed a new linearization configuration as well 
as a co-control scheme for the modulated and envelope input signals. Improved 
efficiency and linearity figures have been achieved according to the experimental results. 
Despite the importance of these efficiency enhancement PA architectures and the efforts 
that have been dedicated to linearize them, most of the works are in single-input-single-
output basis. However, recently two research groups: Montoro et al. and Asbeck et al. 
have shed some light on new approaches that suit the dual-input-single-output nature of 
ET systems [40]-[46]. These methods are capable of providing superior performance 
compared with the single-input-single-output while considering the inevitable practical 
problems of envelope bandwidth and time misalignment sensitivity. However, this area is 
relatively new and a lot of contributions can be done here. The second sub-section 
explains the dual-input-single-output method and how it could be applied to the ET 
architecture, however, the first sub-section will be about the single-input-single-output 
models. 
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2.1 Single-Input-Single-Output PA Models 
2.1.1 Memoryless/ Look-Up-Table Model 
 
Figure 2.1 shows the memoryless look-up table (LUT) model. This LUT based 
behavioral model has been widely used in the past because it is easily implemented and is 
relatively simple [14]. This model does not include memory effects, and thus has a 
limited use now. In fact, currently, this model is used as a sub-model of more advanced 
structures that incorporate the memory effects of the power amplifier. In the LUT model, 
the gain of the device under test is saved in the look-up table. The LUT output is 
calculated as 
( ) ( )( ) ( )out in inx n G x n x n= ×         (2.1) 
where ( )( )inG x n  represents the instantaneous gain of the DUT. 
( )inx n ( )outx n
 
Figure 2.1: Block diagram of the look-up-table model [13] 
2.1.2 Memory Polynomial Model (MP) 
Memory polynomial (MP) model [12] consists of several delay taps and nonlinear static 
functions. Because of its simple structure and high accuracy, this model is extensively 
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used for behavioral modeling and digital predistortion applications of power amplifiers 
that exhibit memory effects. The memory polynomial model is given by: 
( ) ( ) ( ) 1
1 1
. 1 1
M N i
MPM ji in in
j i
y n a x n j x n j -
= =
= + - × + -å å      (2.2) 
where, ( )MPMy n  is the output of the memory polynomial model as shown in Figure 2.2, 
( )inx n  is the complex input signal, N is the nonlinearity order and M  represents the 
memory depth of the model. jia  are the model coefficients which can be determined 
using least square approximation techniques. 
( )inx n
1z -
( )MPMy n
1z -
 
Figure 2.2: Block diagram of the memory polynomial model [13] 
This model is a truncation of the Volterra model considering only the diagonal terms. The 
diagonal limitation significantly decreases the complexity, however it degrades model 
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fidelity as in particular cases the off-diagonal terms may influence the output in a 
significant manner [25]. Another disadvantage of the memory polynomial model is that 
same nonlinear order is used in all the branches leading to oversized which is undesirable 
[21]. 
2.1.3 Generalized Memory Polynomial Model (GMPM) 
Combining the memory polynomial model in (2.2) with cross terms between the signal 
and its leading and lagging envelope terms results in the generalized memory polynomial 
model [20] described as 
( ) ( ) ( )
( ) ( ) ( ) ( )
1 1
0 0
1 1
1 0 1 1 0 1
N Ma a k
GMP km
k m
N M L N M Lb b b c c ck k
kml kml
k m l k m l
y n a x n m x n m
b x n m x n m l c x n m x n m l
- -
= =
- -
= = = = = =
= - -
+ - - - + - - +
å å
å å å å å å
 
            (2.3) 
Here, ( )x n and ( )GMPy n are the input and output signals of the generalized memory 
polynomial model respectively. kma , kmlb , kmlc  represent the model coefficients of the 
MP branch, lagging effect branch and leading effect branch, respectively. aM  and aN  
are the memory depth and the nonlinear order of the MP branch, respectively. bM , cM
and bN , cN are memory depths and nonlinearity orders of the lagging and leading 
branches, respectively. bL and cL are the lagging and leading tap lengths, respectively. 
The generalized memory polynomial model does not separate the nonlinearity and 
memory effects, and hence all the memory branches use the same high nonlinearity order 
which results in undesirable high complexity. In order to model a highly nonlinear PA, 
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higher memory depth and nonlinearity order need to be used which increase the model 
complexity.  
2.2 Envelope Tracking Power Amplifiers Models 
 
ET systems possess an extra degree of freedom compared with the conventional fixed 
drain PAs [40]. This flexibility is utilized to improve the efficiency and linearity figures 
when input RF and envelope signals are designed properly. Figure 2.3 illustrates the 
general idea of dual-input representation of ET architecture. 
RFf
PAEf
( )x n
( )y n
h( )envv n
 
Figure 2.3: General concept of ET architecture [40]. 
Referring to the concept of operation of ETPA stated in section 1.2, the output RF signal,
( )y n , and the PAE,h , are functions of the input RF signal ( )x n  and envelope signal 
( )envv n , respectively. Hence, the model is generated by 
( ) ( ) ( )( )x , vRF envy n f n n=          (2.4) 
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( ) ( )( )x , vPAE envf n nh =          (2.5) 
As these two equations indicate, there can be many different combinations of ( )x n and 
( )envv n that can satisfy the first equation for a given ( )y n . Thus, among all possible 
solutions, one has the flexibility to choose the combination of ( )x n and ( )envv n that 
guarantees the highest PAE. This problem can be viewed as a constrained optimization 
problem to find the optimal input RF signal ( )optx n  and the optimal envelope signal 
( )env optv n- , that can be best expressed as 
( ) ( )( ) ( ) ( )( )
,
x , v argmax x , v
env
opt env opt PAE env
x v
n n f n n- =      (2.6) 
Subject to ( ) ( )( ) ( )x , v yRF env desiredf n n n=        (2.7) 
where ( )desiredy n  is the desired output signal of the power amplifier. On the interpretation 
of the equations (2.6) and (2.7), two approaches to linearize and/or model ETPAs have 
been developed; the static model and the dual input model. 
2.2.1 Single-input-single-output ETPA Models 
The basis of modern static model techniques is to jointly find the optimal input RF and 
envelope signals in order to achieve the maximum possible PAE and minimum distortion. 
All the dedicated linearization methods can be represented by Figure 2.4 and Figure 2.5, 
where 1f is the static polynomial function of the RF input signal and 2f  is the static 
polynomial function of the envelope signal. 
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Figure 2.4: Linearization method in [35] and [39] 
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Figure 2.5: Modified linearization method in [35] and [39] 
The following steps are used to derive the static model in [35] and [39]: 
1- Perform a static power sweep measurements. 
2- Use (2.7) to identify the efficiency optimized settings based on the measurements. 
3- Construct the input RF and envelope signals with efficiency-optimized settings 
using the polynomial models. 
One limitation of the static model is that it can only invert the nonlinearity of the ETPA 
to a limited extent and over fitting problems may occur if the polynomial order is 
increased. The DPD in Figure 2.4 cannot compensate for fitting errors that happen at both 
the baseband and RF branches. On the other hand, the DPD in Figure 2.5 can only 
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compensate for RF branch distortion since no knowledge is provided about the baseband 
branch errors. However, these errors will deteriorate the RF output signal linearity. Thus, 
the single-input (static) model illustrated by Figure 2.4 and Figure 2.5 cannot 
simultaneously optimize the efficiency and linearity of the ETPA. 
2.2.2 Dual-input-single-output ETPA Models 
In dual-input model the predistorted signal is constructed using the information from both 
the RF and the baseband branches. In [40], a two-step approach is followed instead of 
solving equations (2.6) and (2.7) jointly. The first step is to choose the envelope signal 
that maximizes the average PAE. The second step is to choose the RF input signal that 
can minimize the distortion between the desired RF ( )desiredy n and the RF ( )y n output 
signals. The fundamental point in this technique is that for any given ( )envv n the PA can 
properly be predistorted as long as the DPD has knowledge of the chosen ( )envv n . Thus, 
for an appropriate given ( )envv n , the function in (2.4) can normally be inverted since it 
represents a one-to-one mapping between the RF input ( )x n and output ( )y n . Then, the 
predistorted input signal can be written as 
( ) ( ) ( )1 y , vRF envx n f n n-= é ùë û         (2.8) 
where  1RFf
-  represents the inverse function with respect only to ( )x n and ( )y n for a 
given ( )envv n . According to (2.8) the PA can be presistorted even if the ( )envv n is non-
optimally chosen, so, ( )envv n can be constant or bandlimited. Furthermore, the condition 
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in (2.7) can be fulfilled by letting ( ) ( )desiredy n y n= , and consequently the RF input 
signal will be 
( ) ( ) ( )1 y , vopt RF desired envx n f n n-= é ùë û        (2.9) 
Now, the RF input signal ( )optx n  is only optimized for linearization operation and not 
efficiency optimized since ( )envv n is non-optimally chosen. However, in order to 
maximize the efficiency, the variable ( )x n in (2.5) is replaced by ( )optx n  in (2.9) and 
the efficiency-optimized envelope signal ( )env optv n-  can be written as 
( ) ( ) ( )( )
( ) ( )( ) ( )( )1
arg max x , v
arg max f y , v ,v
env
env
env opt PAE opt env
v
PAE RF desired env env
v
v n f n n
f n n n
-
-
= =
     (2.10) 
As (2.10) suggests, the optimal envelope signal ( )env optv n- which results in maximum 
efficiency of the ETPA is only a function of the desired output signal ( )desiredy n and it 
can be written as 
( ) ( )yenv opt desiredv n g n- = é ùë û          (2.11) 
Although the expression in (2.11) is simple, the identification of the function g  can be 
quite difficult as it can be seen from (2.10). Having the optimum envelope signal 
( )env optv n-  in hand, the optimal predistorted input signal ( )optx n  can directly be found 
from (2.9). A block diagram showing the dual-input model is shown in Figure 2.6. 
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The main disadvantage of this method is that, separate steps are needed to solve the 
efficiency optimization and distortion minimization problems. 
ETPA 
Architecture 
RFf
PAEf
( )y n
h
( )env optv n-
( )optx n
g
1
RFf
-
( )desiredy n
 
Figure 2.6: Dual input model for ETPA [40]. 
The efficiency-optimized function g shown in (2.11) is modeled as a polynomial 
function and it is formulated as 
( ) ( ) ( )
0
y
K k
env k
k
v n g n a y n
=
= =é ùë û å         (2.12) 
where ( )y n  is the RF output signal, K is the nonlinearity order, and ka  are the model 
coefficients.  
However, the dual input function 1RFf
- can be modeled by the same single-input-single-
output behavioral model with one more real-valued dimension corresponding to the 
envelope signal ( )envv n . In [40], a modified 2-D GMP has been developed based on the 
GMP model [20] and used for dual-input-single-output behavioral model. The DPD 
function 1RFf
-  is written as 
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Where N is the nonlinearity order, M is the RF input signal memory depth, L is the 
leading/lagging memory depth, vM is the envelope signal memory depth, P is the 
envelope signal nonlinearity order, h  are the model coefficients for the 2-D GMP model, 
( )my n  represents output RF signal with delay m , ( )y n m- , and ( ), venv mv n is the 
envelope signal with delay vm , ( )n menv vv - . One can notice that, the new behavioral 
model has one more input than the normal single-input PA behavioral models. 
Consequently, the dual-input model can utilize this new input in constructing the 
predistorted RF input signal. Unlike static models, this model can compensate for fitting 
errors caused when deriving the optimal envelope signal -if any- through the predistorted 
RF signal. 
In [40], the bandwidth reduction technique developed in [29] was used to generate 5.6 
MHz reduced-bandwidth envelope signal. As it is well established, additional memory 
effects might be introduced because of the use of the reduced-bandwidth envelope signal 
[41]. However, the dual-input DPD should be able to mitigate these memory effects since 
the RF predistorted signal is now constructed using the reduced-bandwidth envelope 
signal. In other words, the constructed predistorted RF signal is still linearity-optimized, 
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however, the average PAE will be degraded since the reduced-bandwidth envelope signal 
is not the efficiency-optimized signal anymore. The DUT in [40] is a varactor-based 
dynamic load modulation (DLM) PA (similar to ETPA) operating at 2.65 GHz [42][43] 
with a peak output power of 38 dBm. A single carrier WCDMA signal with 7 dB PAPR 
is used as an input signal to the PA. The dual-input technique in [40] is compared with 
the static models in [42] and [43] as shown in Table 2.1. 
Table 2.1: Comparison of Different Linearization Methods[40] 
Methods PAE [%] Power [W] NMSE ACLR1[dB] # of Coeff. 
Method in [42] 48 1.2 -32 -41 100 
Method in [43] 49 1.2 -34 -44 100 
Method in [40] 49 1.2 -39 -50 200 
 
As it can be seen, the proposed linearization technique simply outperforms the static 
linearization techniques and can effectively be used to minimize the amount of distortion 
and maximize the PAE, however, the main limitation of this method is the huge number 
of coefficients (twice) needed compared with the static methods.  
In [43], a behavioral model for ETPA has been developed where the envelope signal is 
slew-rate limited as suggested by the study in [31] so that the slew-rate requirements of 
the envelope amplifier are relaxed. In fact, when using slower envelope signal, 
nonlinearities will be introduced in the resulting amplified signal due to the time-variant 
gain effects. The authors in [44] have developed an envelope-dependent (ED) behavioral 
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model and its performance has been compared with that of the static model. The output 
complex baseband signal, ( )Ay n , of a constant drain PA can be expressed as a function 
of the input complex baseband signal, ( )xA n , and the relationship could be formulated 
as 
( ) ( )( ) ( )x xA A A Ay n g n n= ×         (2.14) 
where ( )Ag × is a function of the input signal envelope, ( )xA n , only and constitutes the 
AM/AM and AM/PM characteristics 
( )( ) ( )( ) ( )( )xx x e
PM
A Ajg nAM
A A A Ag n g n= ×        (2.15) 
The static nonlinear modulus ( )AMAg ×  and the phase of the gain ( )PMAg ×  can be modeled 
as polynomials according to 
( )( ) ( )
1
0
x x
N
iP P
A A i A
i
g n c n
=
= ×å         (2.16) 
where ( )PAg × can be either ( )AMAg × or ( )PMAg × and the model coefficients Pic can also be 
either A Mic or 
PM
ic . However, when considering slower envelopes, these coefficients 
P
ic  
are not constant and they depend on the slower envelope, ( )sE n , and thus these 
coefficients are replaced by a function ( )( )EPi sf n  that depends on ( )sE n as follows 
( )( ) ( )( ) ( )
1
0
x E x
N
iP P
A A i s A
i
g n f n n
=
= ×å        (2.17) 
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where ( )( )EPi sf n  is modeled as a polynomial function using 
( )( ) ( )( )
2
0
E E
N
jP P
i s ij s
j
f n ng
=
= ×å         (2.18) 
The ED model coefficients are defined around the most probable ( )sE n value (this can 
be obtained by calculating the statistical mode of histogram of the ( )sE n  values 
resulting in signal envelope nominal value ENoms ) in order to reduce the error due to the 
finite terms of the polynomial expansion (of orders 1N and 2N ). Therefore, the ETPA 
gain is formulated as incremental around the nominal gain function as 
( ) ( )( ) ( ) ( ) ( )( )
3 2 1
0
0 1 0
x ,E E x x E E
N N N ji iP Nom P P Nom
A A s s i A ij A s s
i j i
g n n n n ng g
= = =
- = × + × × -å å å  
            (2.19) 
Two parts can be differentiated from the above equation: a static nonlinear gain part 
(coefficients 0
P
ig ) that depends on the input signal only, and a nonlinear time-variant gain 
part (coefficients , 0Pij jg ¹ ) that depends on the input signal and the slow envelope 
signal. 
In [45], the authors developed the DPD function corresponding to the aforementioned 
behavioral model. The DPD block diagram is shown in Figure 2.7. 
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( )sE n
( )Ay n( )Ax n( )Au n
( )DPDg ×
( )
^
Ax n
 
Figure 2.7: Block diagram of the DPD indirect learning approach [45] 
where the post-distortion function is copied into the predistorter. The input and output 
relationship in the DPD could be written as 
( ) ( ) ( )( ) ( ),EA DPD A s Ax n g u n n u n= ×        (2.20) 
Where 
( ) ( )( )
( ) ( ) ( )( )
3 2 1
_ _
_ _
0 _
0 1 0
,E E
E E
DPD P A s s Nom
N N N ji iDPD P DPD P
i A ij A s s Nom
i j i
g u n n
u n u n ng g
= = =
- =
× + × × -å å å
    (2.21) 
The DUT in [44] and [45] was a PA designed using the CGH40006P_TB GaN transistor 
and operating at 2 GHz. 16-QAM OFDM based signals were used as test signals with a 
maximum envelope voltage of 28V. Table 2.2 and Table 2.3 present a comparison 
between static and the ED model and DPD, respectively.  
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Table 2.2: Static and ED Model for Different Sets of Coefficients[44] 
Model 0ig  , 0ij jg ¹  NMSE [dB] ACEPR [dB] 
Static model 12  -26.1 -33.5 
ED model #1 6 6 -35.4 -42.3 
ED model # 2 6 12 -36.5 -43.5 
 
Table 2.3: Static and ED DPD for Different Sets of Coefficients[45] 
Model # of coeff. NMSE [dB] ACEPR [dB] 
Static DPD 9 -28 -29 
ED DPD #1 9 -34 -37 
ED DPD #2 16 -35 -38 
 
As it can been seen, the developed model and DPD shows better linearization results 
compared with static model and DPD. The NMSE and ACEPR have proved the accuracy 
of the ED model and the ED-DPD in reproducing the unwanted time-variant nonlinear 
behavior and linearizing the slew-rate limited ETPA. However, these two studies address 
the problem of modeling and linearizing ETPA from only linearity perspective and it 
does not pay attention to the efficiency degradation caused by the slew-rate limited 
envelope signal. To be more specific, authors in [45] have not provided any information 
about how to co-control the envelope and the RF input signals so that maximum 
efficiency and best linearity could be reached at the same time. One more disadvantage, 
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[44] and [45] use memoryless polynomial model which is very simple. However, it is 
well-known in the literature that memory polynomial models performance is better than 
that of the memoryless polynomial models because of the former ability to accurately 
model and linearize the memory effects introduced by the PA when excited by wide 
bandwidth signals. 
The model in [45] has been modified in [46] to compensate for memory effects by using 
a memory polynomial model. The block diagram used this time is similar to the one in 
[45] and it is shown in Figure 2.8. In fact, the only difference between the two methods is 
that, in [46], the generation of the slow envelope signal, Es , is taking place before the 
predistortion block to avoid dealing with bandwidth expansion that will occur on the 
baseband complex signal after predistortion.  
( )sE n
( )y n( )x n( )u n
( )LUTG ×
( )
^
x n
( )sE n
 
Figure 2.8: Block diagram of the DPD indirect learning approach [46] 
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Again the slew-rate limited envelope signal in [31] is used to relax the envelope 
requirements of the signals, and consequently the input and output relationship of the 
slow envelope dependent digital predistorter (SED-DPD) is defined as 
( ) ( ) ( ) ( )
0 0 0 0
E n E n n
QM N P q pNom
piqj s j s j j
j q i p
x n u ug t t t
= = = =
é ù= × - - × - × -ë ûå å å å    (2.22) 
where it  and jt  (with 0 0t = ) are the most significant tap delays for the input signal and 
envelope signal, respectively. The SED-DPD is used to linearize ETPA (the same one in 
[44] and [45]) that is excited by three different signals with different bandwidths as seen 
in Table 2.4. 
This table compares four types of linearization methods; the dynamic DPD (DPD with no 
knowledge about the slow envelope signal) has very poor performance whereas the 
memoryless SED-DPD proposed in [45] has better performance in terms of linearity. 
However, the dynamic SED-DPD shows better in-band distortion compensation 
compared with the memoryless SED-DPD and it maintains this advantage when 
wideband signals are used. Again, the main limitation of method in [46] is that it neglects 
the PAE degradation problem caused by using slow envelope signal and discusses the 
ETPA problem from only linearity point of view.  
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Table 2.4: Comparison of Different DPD Strategies [46] 
Model 
WCDMA 
3.84 , 88%redBW MHz SR= =  
One Carrier 64-QAM 
6.4 , 96%redBW MHz SR= =  
OFDM 16-QAM 
10 , 96%redBW MHz SR= =  
 NMSE (dB) ACPR (dB) NMSE (dB) ACPR (dB) NMSE (dB) ACPR (dB) 
No DPD -10.4 -25.6/-25.6 -16.3 -35.8/-36.2 -14.1 -32.3/-33.0 
Dynamic DPD -17.7 -27.9/-28.8 -20.0 -35.1/-35.0 -17.4 -30.1/-29.5 
Memoryless SED-DPD -29.0 -30.5/-31.1 -29.9 -50.6/-50.6 -24.3 -38.2/-38.6 
Dynamic SED-DPD -30.7 -30.5/-31.5 -39.1 -51.0/-52.4 -35.5 -38.4/-39.7 
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2.3 Summary and Discussion 
In this chapter, different models and DPD methods used for modeling and linearizing 
conventional and ET power amplifiers have been discussed. In fact, the chapter started by 
exploring various models used for modeling conventional constant drain supply power 
amplifiers. Then, a literature review of different models used for modeling and 
linearizing envelope tracking power amplifiers was demonstrated. Unlike conventional 
PAs, the drain supply represents an extra degree of freedom in ETPAs which might lead 
to an improved linearity for ETPA if it is incorporated wisely in the ETPA model.  
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3 CHAPTER 3 
DESIGN METHODOLOGY AND SYSTEM LEVEL 
SIMULATION OF ENVELOPE TRACKING 
POWER AMPLIFIERS 
 
In order to successfully design power amplifiers, specific design steps should be 
followed. However, one of the most important steps is to design output matching 
network; that totally depends on the accurate selection of the load reflection coefficient. 
Traditionally, there is no difference between the selection algorithms followed for either 
constant or variable supply (ET) PAs. 
In this Chapter, the conventional method for selecting load reflection coefficient is 
described. Then, a new methodology for selecting optimum load reflection coefficient for 
ETPAs is presented in the second section of this chapter. Finally, a system level 
simulation for ETPA is described in the third section of this chapter. 
3.1 Conventional Power Amplifiers Design Approach 
Usually a list of the transistor’s optimum source and load impedances are specified in the 
data sheet of the transistor by the transistor manufacturer. This list is usually specified 
experimentally at different frequencies and under specific operating points. Thus, if it is 
intended to design the PA under one of these same manufacturer conditions the problem 
is reduced into converting the load and source impedances to the ones provided by the 
manufacturer. However, in this thesis, these load impedance values cannot be directly 
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used because the biasing points and the frequency for which the PA is designed are 
different from those specified by the manufacturer. Consequently, using the transistor 
model (Cree CGH40010F) given by the manufacturer, the load pull method was used to 
design the class AB power amplifier. 
Traditionally, the selection of the optimum load impedance is carried out using the load-
pull procedure developed by Cripps back in 1983 [2][47]. The idea is to simply sweep the 
load impedances LZ and continuously measure the output power and the PAE until the 
optimum value of LZ that gives best values of output power and PAE is reached. 
Figure 3.1 shows a practical method to simulate the optimum load impedance at a 
frequency of 2.14 GHz and available input power 27avsP =  dBm which represents the 
maximum input power beyond which the transistor will saturate under the biasing 
conditions. 
 
Figure 3.1: Conventional load pull setup. 
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The circular region of the smith chart specified by the radius and the center point is 
sampled in a certain way so that different load reflection coefficients located with this 
delimited area (and consequently impedances) are presented at the output of the 
transistor. For each reflection coefficient, the PAE and the power delivered ( delP ) to the 
load are calculated and then the resultant PAE and delP contours are plotted as shown in 
Figure 3.2. The PAE and delP contours show the load impedances over which constant 
PAE and delP are achieved, respectively.  
 
Figure 3.2: PAE and Pdel contoursPAE and Pdel contours. 
In general, all the PAE and delP contour intersection points are possible load impedance 
choices but usually in designing power amplifier, either maximum PAE or maximum 
delP are targeted. In this thesis, maximum PAE is targeted, hence, the optimum load 
reflection coefficient value that lies in the intersection of the PAE and delP contours and 
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results in maximum PAE and a reasonable delP  has been chosen. This approach shows 
how conventionally load impedance is chosen in order to design a PA. Instead of using 
this method, a novel method is introduced which takes into consideration that the PA will 
be used in an ET system.  
3.2 Proposed Approach 
This method was made based on the use of the power amplifier in an envelope tracking 
system and thus takes into account the nature of the signal to be used and the shaping 
function to be applied in the envelope tracking system. Thus a modified load-pull 
technique was utilized in which three sweeps have been carried out. Firstly, the load 
reflection coefficient was swept and a total of 100 reflection coefficients had been 
presented at the output of the CGH40010 transistor by the load tuner. Then, the driving 
input signal power ( avsP ) was swept between (-10 and 27 dBm). Finally, the outer sweep 
utilized the drain voltage ( )dsV  in order to simulate the envelope tracking mechanism 
since in ET the drain supply voltage is varying according to the input signal. The drain 
voltage swing range was set to (10 – 30V) to mimic the output of Nujira envelope 
modulator. Then, PA characteristics such as output power, PAE, and gain were captured 
for further processing.  Figure 3.3 shows a block diagram of the proposed method 
algorithm where the shaping function was used to map the envelope of a modulated 
signal to the corresponding drain voltage.  
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Shaping Function 
min 10V =
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2 2( ) ( )( )
100in
I n Q nP n +=
6 6 1/6
_ min( ) ( ( ))Drain Bias eV n V V n= +
(n, )iPAE G
( )avg iPAE G
PA Characteristics 
Table
Modulated Signal
 
Figure 3.3: Block diagram of the proposed method for one Gamma. 
With the PA characteristics table in hand, the working principle of the diagram shown in 
Figure 3.3 is better explained by the flowchart depicted in Figure 3.4. This flowchart 
shows the proposed process for only one Gamma. The process is repeated for the rest of 
the Gammas and the one Gamma that results in the maximum average PAE is selected to 
be the optimum value of the reflection coefficient. The proposed method described above 
was used to find the optimum load reflection coefficients when two different shaping 
functions are used in the envelope tracking path namely; Nujira N6 and Nujira-Wilson 
shaping functions [48] which are given by: 
( ) ( ) 1/66 6_ minDrain Bias eV n V V né ù= +ë û         (3.1) 
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      (3.2)
Conventionally, load-pull setup is done without sweeping the drain voltage then the load 
reflection coefficient which results in maximum PAE is selected to be the optimum one. 
However, in order to carry out a fair comparison with the proposed method an averaged 
version of the conventional method was used to obtain the optimum reflection coefficient 
as in Figure 3.5. 
 
Figure 3.4: Proposed method flowchart for a single Gamma. 
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( ) 30dsV n V=
30dsV V=
2 2( ) ( )( )
100in
I n Q nP n +=
(n, )iPAE G
( )avg iPAE G
 
Figure 3.5: Conventional constant supply averaged approach. 
A Cree CGH40010 10-Watt transistor was used for the PA design around 2.14 GHz. An 
LTE signal centered at 2.14 GHz with a PAPR of 10.04 dB and 20 MHz bandwidth was 
used as an input signal to the system.  
The PAE contours for fixed and variable drain bias are shown in Figure 3.6 and Figure 
3.7 for Nujira N6 and NujiraWilson shaping functions, respectively. As it can be noticed 
in both figures the PAE levels achieved using variable drain bias are higher than those of 
constant dsV as expected. 
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Figure 3.6: PAE contours for fixed and variable Nujira N6 drain bias. 
 
 
Figure 3.7: PAE contours for fixed and variable Nujira-Wilson drain bias. 
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Furthermore, in both figures, there is a shift between centers of the variable and constant 
dsV  contours indicating that their maximum PAEs occur for different reflection 
coefficient values. The optimum load reflection coefficient value for fixed supply PA was 
found to be -0.216 + 0.379j and it led to 35.45% maximum average PAE. However, for 
variable supply PA the optimum load reflection coefficient was found to be -0.397 + 
0.227j resulting in 47.27% maximum average PAE when Nujira N6 was used for 
modulating drain bias. For Nujir-Wilson modulated drain bias, the optimum load 
reflection coefficient value was -0.397 + 0.227j which resulted in 46.02% maximum 
average PAE. The above mentioned results are summarized in Table 3.1 for comparison 
purposes. 
Table 3.1: Optimum Reflection Coefficients Results 
Shaping Function 
Optimum Reflection Coefficient Average PAE 
Conventional Proposed Conventional Proposed 
Nujira N6 -0.216 + 0.379j -0.397 + 0.227j 44.18% 47.27% 
NujiraWilson -0.216 + 0.379j -0.397 + 0.227j 43.46% 46.02% 
 
Table 3.1 also shows that, if the optimum Gamma is selected using the traditional method 
(i.e. the fixed drain optimum Gamma is selected which is (-0.216 + 0.379j)), 44.18% and 
43.46% maximum average PAEs will be achieved using Nujira N6 and NujiraWilson 
shaping functions, respectively. On the other hand, if the new approach is followed, 
47.27% and 46.02% maximum average PAEs could be achieved using Nujira N6 and 
NujiraWilson shaping functions, respectively. Thus, around 3% increase in the average 
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PAE was obtained for both shaping functions by only following the proposed approach. 
This improvement in PAE is costless since it is only concerned by optimally choosing the 
load reflection coefficient and hence there is no additional hardware complexity. The 
simulation results reveal that, NujiraWilson tends to have lower efficiency figures when 
compared with Nujira N6, as supported in [48]. With the optimum load reflection 
coefficient in hand, the output matching network has been designed and the overall PA 
has been implemented. 
Figure 3.8 shows the drain efficiencies of both the fixed supply PA and the ETPA 
together with input and output signals probability density functions (PDF). Both the 
ETPA and the fixed supply PA were implemented using the proposed method optimum 
reflection coefficients and all the PAE figures have been confirmed. 
 
 
Figure 3.8: Fixed supply PA and ETPA PAEs with the signals PDFs. 
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3.3 System Level Simulation of Envelope Tracking Power Amplifiers 
In order to accurately model and consequently predistort envelope tracking power 
amplifiers, it is very important to have an idea about the nonlinearities than can be caused 
in such types of power amplifiers. System level simulation of ETPAs will act as the 
perfect environment to identify such nonlinearities and it will give us the perfect 
opportunity to mitigate them through digital predistorters. 
This section is about implementing a system level simulation of ETPA. It starts with 
designing the envelope path of the ETPA. Then, based on the optimum load provided in 
the previous section, a PA is implemented and the designed ETPA path will be attached 
to it. The ETPA overall performance in terms of average PAE, AM/AM, and AM/PM 
will be demonstrated.  
3.3.1 Envelope Tracking Path Design 
Figure 3.9 shows a block diagram for an ETPA. In this design, the input signal power 
sampling and drain voltage shaping and modulation operations are performed using ideal 
behavioral components, however non-idealities could be introduced.  
 
Figure 3.9: ETPA block diagram. 
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As Figure 3.9 suggests, several steps are needed to design ETPA. These steps could be 
summarized as: 
1- Generate a modulated signal. 
2- Implement a method for sampling the input signal power. 
3- Determine the shaping function to be used. 
4- Implement a method for modulating the drain bias voltage. 
In this thesis, a baseband LTE signal represented by I and Q text files was considered. 
ADS was used to generate an LTE signal waveform with 20 MHz bandwidth centered 
around 2.14 GHz. 
 
The signal spectrum and complementary cumulative distribution function (CCDF) are 
shown in Figure 3.10. Having the modulated signal ready, one should find a way to reuse 
this signal in the simulation and then detect its power. 
 
Figure 3.10: Signal CCDF and spectrum. 
Figure 3.11 shows a part of the schematic used to simulate the ETPA. In this Figure the 
VtDataset source reads the dataset from the LTE signal simulation. This source allows 
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for increasing or decreasing the signal’s amplitude through the use of the Gain 
parameter. Furthermore, it allows the designer to set the signal carrier frequency to 
whatever needed through changing Freq parameter. In this work, the Gain parameter 
was set to 1 whereas the Freq parameter was set to 2.14 GHz. “Circuit Envelope” 
simulation was used in ETPA design since it is very powerful in dealing with modulated 
signals along with analog circuits. 
For the detection of the modulated signal envelope, the IQ_DemodTuned component 
was used to detect the real and imaginary parts of the input modulated signal as can be 
seen in Figure 3.11. 
 
Figure 3.11: Part of the ETPA envelope path. 
The voltage at node Env_Mag_Squared is equal to 2 2I Q+ , where I  is the real part of 
the input signal envelope and Q  is its imaginary part. This computation was carried out 
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by the Symbolically-Defined Device (SDD) which generates a current into its port 2 
given by 
2 2
1 3
2
(v v )
 I
50
- +
=           (3.3) 
The negative sign indicates positive current flowing out of port 2. Whereas 1v  is the 
voltage at port 1 and 3v  is the voltage at port 3 of the same component. This current 
flows into the 50 Ohm resistor, resulting in voltage Env_Mag_Squared being equal to 
2 2I Q+ . With the magnitude of the input signal envelope in hand, the input signal power 
was calculated and then the drain bias was generated. As shown in Figure 3.12, The 
Detected_Pin_dBm equation represents available source power in dBm corresponding to 
the input signal samples. This input power was passed into the 
Vdrain_vs_Pin_dBm.mdf file, and the corresponding drain bias voltage was read and 
set equal to the Vdrain voltage with help of the Data Access Component (DAC).  
 
Figure 3.12: ETPA envelope path. 
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This mdf file is generated using a shaping function equation such as Nujira N6 and 
Nujira-Wilson. The sweeping range of the drain bias voltage was set from 10 to 30 volts 
as in the previous section. Figure 3.13 shows that the drain bias voltage closely follows 
the input signal power with 10 to 30 range when implementing Nujira N6 shaping 
function. 
 
Figure 3.13: Input signal power and drain bias voltage generated using Nujira N6. 
 
3.3.2 Applying the Envelope Tracking path to the Power Amplifier 
 
Based on the optimum load found in the previous section, a PA was implemented. The 
conventional PA design steps were followed and basic input and output matching and 
biasing networks were constructed using Microstrip transmission lines, then the ET path 
designed in the previous subsection was applied to this efficiency optimized PA. 
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Moreover, a complete system level simulation circuit was built as illustrated in Figure 
3.14 and the simulation was performed with the modulated LTE signal shown in Figure 
3.10 to see how the ETPA behaves.  
The main ETPA characteristics such as PAE, AM/AM, and AM/PM were calculated then 
reported in Figure 3.15.  One important notice that could be drawn from this figure is that 
the PAE is maximized when the output power probability density function (PDF) is at its 
peak. In fact, the ET technique improves the PA efficiency compared with the fixed 
supply case as in Figure 3.8. However, AM/AM and AM/PM characterization show that 
this improvement is accompanied with more distortions indicated by the dispersion of 
these curves.  
Due to the ETPA severe nonlinearities accurate behavioral models and digital 
predistorters should be developed to model and mitigate the memory effects observed in 
these types of power amplifiers.   
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Figure 3.14: System level simulation of ETPA. 
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Figure 3.15: ETPA: drain efficiency, AM/AM, AM/PM, and PAE curves. 
3.4 Summary and Discussion 
In this chapter, a new method for selection of the output reflection coefficient was 
proposed. The method was developed for PAs which will be used in envelope tracking 
systems so it takes into account the nature of the signal and the shaping function to be 
applied. The method shows an increase of 3% in the average PAE over the conventional 
design method. 
Furthermore, a complete ETPA system level simulation was implemented and used to 
better understand the ETPA behavior in order to come up with enhanced behavioral 
models. 
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4 CHAPTER 4 
PROPOSED STRUCTURES FOR MODELING 
AND LINEARIZATION OF ENVELOPE 
TRACKING POWER AMPLIFIERS 
This chapter investigates modeling and digital predistortion problems of envelope 
tracking power amplifiers. The first section discusses the various components in the 
measurement test bench that was used in ETPA measurements including device under 
test, measurements instruments, and signal characteristics, generation and control. The 
second section investigates the functions and structures proposed for modeling and digital 
predistorting the ETPA namely, the Volterra-series compressed sampling based 
behavioral model and the look-up table multi-input-single-output model (LUT-MISO). 
Then the proposed models are compared with state of the art models available in the 
literature and conclusions are drawn. The last section reports a summary of the main 
achievements that have been done in this chapter. 
4.1 Experimental Setup 
The measurement test bench shown in Figure 4.1 was used for testing the ET transmitter 
structure. The baseband signal generation and the control of the envelope modulator are 
done via a field programmable gate array (FGPA) board. The baseband signal is up-
sampled by a factor of 2 then shifted to an intermediate frequency in order to avoid the 
digital to analog converter (DAC) AC-coupling effect. Then, the DAC output is passed 
through an anti-aliasing filter before sending it to the vector signal generator (VSG) 
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which up-converts the baseband signal and handles the power control of the RF signal. 
Finally, the RF signal is sent to the PA and the attenuated PA output is captured by a 
vector signal analyzer (VSA).  
/ 4sf
inx
 
Figure 4.1: Block diagram of the envelope tracking power amplifier measurement setup. 
Regarding the envelope modulator control, the magnitude of the complex baseband signal 
is properly delayed to correct for the propagation time difference between the application 
of the drain bias voltage and the input of the RF signal into the PA. Subsequently, this 
envelope signal is applied to the Nujira N6 shaping function that maps the digital input 
into an operating voltage used by the envelope modulator.  
A Cree CGH40010 10-W transistor is used for the PA. The ET PA operates around 2.425 
GHz and is optimized for efficiency at a quiescent drain voltage and current of 28 V and 
200mA, respectively. The signal used in this thesis is a 4-carrier WCDMA signal 
centered at 2.425 GHz with a peak to average power ratio (PAPR) of 9.73 dB and a total 
bandwidth of 18 MHz. The signal is operated at a baseband sampling frequency of 
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122.88 MHz and the Nujira envelope modulator voltage swing is set between Vmin = 10 V 
and Vmax= 28 V.  
 
Figure 4.2: Measured AM/AM characteristic of the DUT. 
 
Figure 4.3: Measured AM/PM characteristic of the DUT. 
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The measured AM/AM and the AM/PM are shown in Figure 4.2 and Figure 4.3, 
respectively. The characteristics reported in these two figures clearly illustrate the highly 
nonlinear behavior of the device under test and its strong memory effects, which can be 
observed from the spread (or width) of the AM/AM and AM/PM curves. 
 
4.2 Volterra Series with Compressed Sampling Behavioral Model 
 
4.2.1 Volterra Series Model 
The Volterra series model is the most comprehensive class of models used to describe the 
behavior of dynamic nonlinear systems. In this model, described below, all of the 
possible interactions between signal terms are taken into account, which explains the high 
accuracy of the model but also leads to a very large number of coefficients. To achieve a 
good compromise between the desirable performance of the model and implementation 
complexity, simplified variants have been proposed in the literature [49][50]. Among 
these variants, the simplified Volterra model in [49] was found to perform well. The 
expression for this model is described by the following equations:  
( ) ( ) ( )BVS Ay n y n y n= +          (4.1) 
( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
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where N is the nonlinearity order, ( )VSy n  is the model's output waveform, and ( )x n  its 
input. D  is the order of deviation, and ka  and kb  are the model coefficients. As 
demonstrated in [49], the practicality of this model can be greatly enhanced by using 
model-order reduction techniques such as the compressed sampling (CS) based method. 
This technique is used here to enhance the Volterra model performance when applied for 
the behavioral modeling of ET PA. 
4.2.2 The Compressed Sampling (CS) Algorithm 
Compressed sampling is a mathematical technique which attempts to reduce the 
complexity of a modeling problem through utilizing the redundancy and sparsity 
properties of the problem [51]. To define sparsity in the behavioral modeling context, the 
PA behavioral modeling is rewritten in the form of a linear problem as follows 
=y A w            (4.4)
where y  is the vector containing all of the output samples as defined for the MP and 
Volterra models, A  is the respective matrix defining the model (which is generated by 
collecting the various delayed and polynomial versions of input samples according to 
each respective model) and w  is a vector containing the model coefficients (i.e. the set of 
,l kw  for the MP model and the collection of ka  and kb  for the Volterra model). 
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 In terms of this notation, the model coefficients vector w  is considered ‘sparse’ if the 
majority of its entries are of zero or negligible value, which is the case for Volterra-based 
models. In mathematical terms, implementing CS is equivalent to trying to find an 
approximation of the vector w  which contains the least number of terms. In [49], this 
technique was successfully implemented to significantly lower the number of coefficients 
used by the simplified Volterra model of equations (4.1)-(4.3), resulting in models which 
reduce by 80% the number of coefficients without performance degradation. 
4.2.3 Behavioral Modeling using Volterra Series and Compressed Sampling 
To evaluate the ability of the memory polynomial and the Volterra series models in 
predicting the output of the ET PA, the parameters of each model were varied and their 
performances in terms of normalized mean squared error recorded. In this work, the 
parameter-extraction was performed twice. Once using the well-known least squares (LS) 
method, and once using the compressed sampling technique. Figure 4.4 presents the best 
performance of each model when extracted with LS as a function of its number of 
coefficients. As expected, the Volterra series model outperforms the memory polynomial 
model at the expense of a larger model size.  
The compressed sampling technique was then applied to reduce the sizes of the memory 
polynomial and Volterra series models. This allowed for substantial gain in terms of 
complexity without significant degradation of the models performances, as can be seen in 
Figure 4.5. In fact, the CS-reduced Volterra series model can lead to an NMSE better 
than -41dB with as low as 30 coefficients. This performance requires a Volterra series 
model with approximately 60 coefficients when CS is not applied, and cannot be reached 
by a memory polynomial model even by increasing the size up to 200 coefficients.  
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Figure 4.4: Performance of the Volterra series and MPM models extracted using the LS techniques. 
 
Figure 4.5: Performance of the Volterra series and MPM models after size reduction using the compressed 
sampling technique. 
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4.3 Look-Up Table Multi Input Memory Polynomial (LUT-MISO) 
Model 
This model is composed of two boxes; where a memoryless nonlinear function is 
followed by a two-input memory polynomial model. Figure 4.6 shows a block diagram of 
this model coefficients identification process. 
( )y n ( )x n
( )v n
( )LUTy n
 
Figure 4.6: Coefficients identification block diagram. 
Here, ( )y n  is the complex PA output divided by the small signal gain, drain bias ( )v n
is the output of the shaping function, ( )LUTy n is the LUT output, and ( )x n is the PA 
complex input signal. Thus the DPD equation could be written as 
( ) ( )( ) ( ) ( )
0 0 0 0
QM N P pq
piqj LUT LUT
j q i p
x n a v n j y n i y n i
= = = =
= - - -åååå    (4.5)
where piqja  are the model coefficients, P  is the input nonlinearity order, N  is the input 
taps, Q  is the drain bias nonlinearity order, and M  is the drain bias taps.  
The proposed model is compared with two other models. The first one is the conventional 
two-box model in which a memoryless nonlinear function is followed by a single-input-
single-output model as in equation (2.22). The other model is the dual-input-single-output 
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model proposed in [46]. The in-band performances of the digital predistorters extracted 
using these three models were compared in terms of NMSE against the models’ number 
of coefficients and the results are shown in Figure 4.7 and Figure 4.8 for Nujira N6 and 
Nujira-Wilson shaping functions, respectively. As it can be seen, the dual-input models 
have better NMSE values that can go as low as -44 dB with 200 coefficients compared to 
only -40 dB obtained by the single-input model when drain bias is modulated by Nujira 
shaping function. The same dual-input model’s NMSE performance could be noticed for 
Nujira-Wilson shaping function. However, -41 dB NMSE could be achieved using the 
single-input-single-output model. For number of coefficients less than 50, the proposed 
model is always better than model in [46] with NMSE difference of approximately 1 dB.  
 
Figure 4.7: Performance of LUT-SISO, MISO, and LUT-MISO models extracted using the LS techniques for 
Nujira N6 shaping function case. 
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Figure 4.8: Performance of LUT-SISO, MISO, and LUT-MISO models extracted using the LS techniques for 
Nujira-Wilson shaping function case. 
Figure 4.7 and Figure 4.8 give indication about the in-band performance of the three 
models. However, they do not describe the out-of-band digital predistorter performance. 
To do so, the three models predistorted signals were formed and applied to the ETPA and 
their corresponding output signals spectra were captured and compared to the original 
ETPA output spectrum (No DPD) as in Figure 4.9 and Figure 4.10 for Nujira N6 and 
Nujira-Wilson shaping functions, respectively. Figure 4.9, LUT-SISO, MISO, and LUT-
MISO models spectra are compared with number of coefficients of 42 for each model. 
For LUT-SISO, the input nonlinearity order ( ) 6P = , the input memory depth ( ) 6N = , 
and  7LUT size = . However, for MISO model, the model parameters are: 3P = , 
7N = , 2Q = , and 1M = . Finally, the LUT-MISO model parameters are: 3P = , 
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6N = , 2Q = , 1M = , and  7LUT size = . In Figure 4.10, these three models are 
compared with a number of coefficients equals to approximately 26. Where 5P = , 
4N =  and  7LUT size =  for LUT-SISO whereas 2P = , 2N = , 2Q = , and 1M =  
for MISO model and finally, 2P = , 5N = , 2Q = , 1M = , and  7LUT size =  for 
LUT-MISO model. The lower and upper band ACPR values were calculated and they are 
compared in Table 4.1.  
 
Figure 4.9: Linearized spectra for different models with Nujira N6 shaping function. 
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Figure 4.10: Linearized spectra for different models with Nujira-Wilson shaping function. 
As it can be seen from the signal spectra and Table 4.1, the proposed model has the best 
linearization performance not only in terms of in-band performance but also in terms of 
the out-of-band performance.  
Table 4.1: ACPR Performance Results Comparison 
Model 
Number of Coefficients ACPR (dBc) 
Nujira Wilson Nujira Wilson 
No DPD - - -35.25/-41.11 -36.37/-41.42 
LUT-SISO 42 25 -42.85/-50.98 -43.59/-50.96 
MISO 42 24 -43.47/-50.94 -43.68/-53.50 
LUT-MISO 42 26 -44.30/-52.86 -45.32/-55.15 
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4.4 Summary and Discussions 
In this chapter, the targeted ETPA has been successfully modeled and linearized. 
Measurements results show that the Volterra-series with compressed sampling model can 
accurately predict the highly nonlinear behavior and the strong dynamic distortions of 
ETPAs with relatively low complexity when the CS technique is employed. In fact, the 
CS-reduced Volterra series model can lead to an NMSE better than -41dB with as low as 
30 coefficients. 
Moreover, the LUT-MISO and MISO models are undoubtedly better than LUT-SISO in 
terms of in-band performance. Approximately, 2dB to 4dB NMSE difference with a 
model size of 50 is observed for Nujira-Wilson and Nujira N6 shaping functions, 
respectively, with LUT-MISO model 1 dB better than MISO model with model size less 
than 50 coefficients. However, regarding the out-of-band performance, the LUT-MISO 
outperforms the MISO model as can be seen in the measured ACPR values in Table 4.1. 
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5 CHAPTER 5 
SUMMARY AND CONCLUSIONS 
5.1 Summary 
This thesis thoroughly investigated the design, modeling, and linearization of envelope 
tracking power amplifiers. Significant contributions were made in regards to these three 
problems. The research done in this thesis is summarized as follows. 
· A novel method was proposed for selecting the load reflection coefficient so that 
the average efficiency is maximized when the PA operates in ET configuration.  
· An ET path was constructed, attached to the implemented PA, and then a 
complete ETPA system level simulation was fully implemented. The ETPA 
system level simulation was carefully tested with LTE signals and various 
shaping functions, and it demonstrated robust operation. 
· A Single-input-single-output Volterra Series based behavioral model was used to 
mimic ETPA nonlinearities. However, the model suffered from high complexity. 
Thus, CS technique was implemented as extra task to solve this problem. The 
developed model was compared with the traditional memory polynomial model 
and their NMSE performances were calculated as a function of complexity 
(number of coefficients).   
· Two-box dual-input-single-output memory polynomial model was developed and 
used as a digital predistorter for linearizing the efficiency-optimized ETPA. The 
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developed model was also compared with the conventional two-box single-input-
single-output memory polynomial model as well as the single-box dual-input-
single-output memory polynomial in terms of the in-band performance as well as 
the adjacent channel power ratio. 
5.2 Conclusions 
In conclusion there are three main ETPA problems which were identified, discussed, and 
then solved in this thesis.  
· It has been shown that, based on the newly developed load reflection coefficient 
selection approach, the average PAE of ET PAs could be increased by 3% to 5%  
with no need to use any additional hardware processing. 
· In this thesis, the nonlinearities of an efficiency-optimized ET PA were modeled 
using a Volterra series-based behavioral model. The complexity problem of the 
Volterra series is solved using the CS technique. Measurements results show that 
this model can accurately predict the highly nonlinear behavior and the strong 
dynamic distortions of ET PAs with relatively low complexity when the CS 
technique is employed. 
· Two-box dual-input-single-output memory polynomial digital predistorter has 
superior in and out of band performances compared with single-box single-input-
single output and conventional memory polynomial models.  
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5.3 Future Work 
Specific suggestions for future work include 
· Investigating envelope bandwidth reduction algorithms in order to relax the 
envelope amplifier designing requirements. 
· Applying the proposed models to other dual-input architectures such dual-input 
Doherty and dynamic load modulation power amplifiers.  
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